Andrew Lang will be remembered internationally for having developed the technique of X-ray topography which enables individual defects, such as dislocations, stacking faults, small angle boundaries and magnetic domains, to be imaged in many different types of materials. His interests spanned the whole range of dislocation studies and he made many important contributions to advanced instrumentation for X-ray crystallography, including pioneering experiments with a synchrotron radiation source. His career began during the last year of the Second World War when he was appointed to a research position at the Unilever
On completing his dissertation, in 1952 Andrew crossed the Atlantic, arriving in New York on 24 April to join the Philips Laboratories at Irvington-on-Hudson, NY, where he worked under W. Parrish. There, he pursued the study of diffraction techniques and applied them to the study of alpha-keratin, both theoretically and experimentally. This resulted in the publication of four papers. At the end of 1953, he received two very different job offers: one was from Linus Pauling ForMemRS, at CalTech, to pursue protein fibre studies; the other was from Bruce Chalmers, who had just arrived at Harvard from Toronto, to teach and carry out research in the growth of metal single crystals. By that time Andrew had made contact with Paul Ewald (FRS 1958) in Brooklyn, NY, whom he asked for advice. Ewald's response was: 'Don't ask me; I can tell by your voice that you are going to Harvard.' Andrew indeed joined Harvard University in late 1953, as an instructor in the Division of Applied Science. In 1954, he was appointed assistant professor of physical metallurgy in the Division of Engineering and Applied Physics of Harvard University, a position that he held until 1959 (figure 1).
Research at Harvard
Andrew's stay at Harvard proved to be the turning point of his research career: it was there that he developed a technique for observing images of defects in nearly perfect crystals, such as single dislocations (crystal defects on the atomic scale). This technique is called X-ray topography, his most important achievement.
The 1950s were a particularly memorable period. On the one hand, the paths of X-rays in perfect or nearly perfect crystals were predicted and observed, while, on the other hand, individual dislocations were first observed. In both cases, Andrew was involved. In his dynamical theory of X-ray diffraction, Ewald had shown that in a perfect crystal an X-ray plane wave incident in the neighbourhood of the Bragg angle would generate two wavefields, each of them the combination of two waves, one with a wave vector in the incident direction and one with a wave vector in the reflected direction (Ewald 1916a (Ewald ,b, 1917 . In 1952, Max von Laue ForMemRS showed that the propagation direction of these wavefields in the crystal, namely the direction of energy flow, is given by the Poynting vector of these wavefields (Laue 1952) , which was also discussed by G. Borrmann in the same year (Borrmann 1952) .
In 1958, Norio Kato showed that this direction is normal to the dispersion surface (Kato 1958 ). This surface is equivalent to the surface of indices in standard optics. That work, begun while he was in Japan, was finalized when he joined Andrew at Harvard.
In 1956, Andrew had in mind to study whiskers of perfect crystals, but did not know how to calculate the corresponding intensity profile. He happened to meet Ryozi Uyeda of Nagoya University at the Electron Physics Conference in Washington. He asked him whether he knew of someone who could tackle that problem. Uyeda suggested his student, Norio Kato, who had solved the problem of the diffraction of electrons by polyhedral crystals (Kato & Uyeda 1951a,b) . In September 1957, after a long crossing by sea from Yokohama, Kato arrived in San Francisco, supported by a Fulbright grant. He then travelled by train all the way from the west coast to Harvard. Andrew recalls (in his unpublished autobiography) that Kato looked so young that on the way he was refused a beer in Chicago for that reason! In November, Kato attended the annual Pittsburgh diffraction conference, where he had a long and fruitful discussion with Ewald on the propagation of X-rays in crystals. Andrew also took the opportunity of his meeting with Uyeda to invite him to give a talk at Harvard on moiré patterns (large-scale interference patterns observed when two slightly misoriented fringe patterns are superimposed) observed on electron micrographs, a topic which he took up later, observing moiré patterns on X-ray topographs (15, 22) *.
Dislocation lines were first imaged by decorating them with silver in silver halides (Hedges & Mitchell 1953) and with copper in silicon (Dash 1956 ). The decorated crystals were observed under a microscope, with visible light in the case of the silver halides and with infrared in the case of silicon. Single dislocations were also observed with an electron microscope, independently by J. W. Menter (FRS 1966 ; later Sir James Woodham Menter) (Menter 1956 ) of Hirsch's group in Cambridge and W. Bollmann (1957) , and by Hashimoto and Uyeda (Hashimoto & Uyeda 1957) . By the end of the decade, several groups independently observed dislocations by X-ray imaging.
Imaging of crystal defects by X-ray diffraction was pioneered independently by W. F. Berg (1931) , A. Guinier and J. Tennevin (Guinier & Tennevin 1949) and B. Lambot, L. Vassamillet and J. Dejace (Lambot et al. 1953 ) using a transmission arrangement. In the Bragg scattering case, the measurements were made by C. S. Barrett (1931) , R. W. K. Honeycombe (FRS 1981; later Sir Robert William Kerr Honeycombe) (Honeycombe 1951) and L. G. Schulz (1954) . While still at Philips Laboratories, Andrew had studied the macro-mosaic texture of large lithium fluoride crystals using a photographic method. Then, on nearly the same day in October 1956, Norio Kato, in Japan, and Andrew, at Harvard, submitted independently to Acta Metallurgica papers revealing the inner structure of crystals. Kato's paper showed grain boundaries in potassium chloride (Kato 1957) , while Andrew's paper showed growth striations in lithium fluoride (1). Kato used a wide beam, whereas Andrew used a collimated beam providing a view of the defects in a section of the crystal; the subject of 'section topography' was born. Kato (1958) expanded his study using a monochromatic focused X-ray beam, as in Lambot et al. (1953) , and Andrew observed separate dislocations on section patterns of a 3 mm thick silicon crystal (2). Andrew proved that the image he obtained was indeed that of dislocations by comparing it with the image of the same region of the same crystal of silicon * Numbers in this form refer to the bibliography at the end of the text. obtained by J. R. Patel after the dislocations had been decorated by precipitation of copper, using W. C. Dash's technique (Dash 1956 ).
Andrew's paper was submitted on 21 October 1957 and he was thus the first to publish images of dislocation lines obtained by topography (2). Images of dislocations were published shortly afterwards by several groups in 1958: J. B. Newkirk, by reflection, on 18 February (Newkirk 1958); U. Bonse and E. Kappler, also by reflection but with a double-crystal arrangement, on 3 March (Bonse & Kappler 1958) : G. Borrmann, W. Hartwig and H. Irmler, by anomalous transmission through a highly absorbing crystal, on 11 April (Borrmann et al. 1958) ; and H. Barth and R. Hosemann, by reflection, on 20 August (Barth & Hosemann 1958) .
The images observed by Andrew were obtained by sending a highly collimated beam through the crystal. The diffracted beam, transmitted through the crystal, is distributed in space within a triangle of angle 2θ , where θ is the Bragg angle between the incident and the reflected directions. This triangle is called the Borrmann triangle. If there is a crystal defect within this triangle, it perturbs the propagation of the wavefields, providing a trace in the reflected beam. One thus obtains an image of the distribution of defects within a section of the crystal, and hence the name 'section topograph'. In fact, the term X-ray topograph had been coined by G. N. Ramachandran (1944) when studying the variation of transmitted diffracted intensity over the crystal plates of diamond.
Andrew then conceived the idea that by traversing simultaneously the crystal and the photographic plate through the incident beam, duly collimated, one could obtain in the reflected beam an image of a large volume of the crystal projected onto the photographic plate; he called this 'a projection topograph', or 'traverse topography' (4) . He designed for that purpose a robust and precise diffractometer that included a linear traversing mechanism for the continuous and simultaneous translation of the specimen and the film-this instrument is known as the 'Lang camera' (figure 2). The first projection topograph was presented at the Fourth IUCr congress in Montreal in July 1957. This new technique proved to be a significant improvement on what had gone before. The first detailed study using this new technique was published on 25 March 1959 (5) . The result is a survey of the distribution of individual defects, such as dislocations, low-angle boundaries, growth striations, inclusions, and so on, throughout the whole volume of the crystal. This technique was far superior to all other topographic techniques and was widely applied by Andrew himself and his colleagues, as well as by many authors throughout the world (see references in Authier 2003) . By comparing the contrast of the dislocations in topographs recorded with different orientations to the reflecting plane, Andrew showed that the nature of the dislocation and the orientation of its Burger's vector could be determined (5) . He could thus verify Frank's rule of the conservation of Burgers vectors at a dislocation node and observe the Lomer reaction between dislocations on different (111) planes (Frank 1951) . He also observed the difference in the contrast of dislocation images on topographs for silicon crystals, taken with (hkl) and (hkl) reflections, which is due to the failure of Friedel's law in absorbing crystals (Friedel 1913) .
Just before Kato's arrival at Harvard, Andrew had observed black and white fringes on projection topographs of a silicon wedge-shaped crystal provided by Jim Patel, as well as on section topographs of the same crystal. They were immediately interpreted by Kato, who had discussed Pendellösung oscillations in the electron case in 1952 (Kato 1952) . In this case he attributed these fringes to interferences between wavefields associated with the two branches of the dispersion surface. They were therefore called Pendellösung fringes, to adapt the term already used by Ewald to describe the periodic variations of intensity resulting from the interference of the wavefields excited on the two branches of the dispersion surface by an incident plane wave (Ewald 1917) . Section topographs with their hook-shaped fringes were more puzzling. Kato guessed that, since the incident wave was highly collimated, the interfering wavefields were not excited by an incident plane wave, but by an incident spherical wave. This was published by Kato and Andrew (6) . Kato (1961a,b) subsequently derived the dynamical theory of the diffraction of X-ray spherical waves and interpreted the hook-shaped fringes as due to spherical wave Pendellösung fringes. The observation of Pendellösung fringes by Andrew and by Kato, together with the observation of the separate paths of the two wavefields generated by an incident plane wave by Authier (1960) , provided experimental proof that wavefields do exist as physical entities and that their propagation inside a crystal can be observed, as predicted by Ewald (1917) .
Research at Bristol
Andrew visited Charles Frank FRS (later Sir Charles Frank) One of Frank's pet interests was in diamond and the cause of the birefringence which is always found in this cubic crystal. He and colleagues had surmised that arrays of dislocations radiating from the nucleus at the centre of the stone could be one of the causes (Eshelby et al. 1951) . This was proved to be the case by Andrew in his first study at Bristol (3), and diamonds were henceforward to be one of his main topics of interest. More than half the papers he published in Bristol (111 out of 184) were devoted to the study of diamonds! The main aspects of his researches on diamond will be summarized later. Andrew, however, also applied his topographic method to many other materials, in particular to minerals (such as quartz, beryl and apatite), silicon, magnetic materials (Fe-Si), and many others. He discussed the contrast of the images of defects and the determination of the sense of the Burgers vector of screw dislocations in silicon (13) or the fault vector of stacking faults in quartz (19).
Quite early on, Andrew envisaged a further improvement to the projection topography technique by limiting the reflected beam by slits. In this way, only diffraction by the interior of the crystal was recorded. This prevented the observation of surface defects and allowed an unobstructed view of the defects inside the crystal. This new technique was called 'limited projection topography' (9). Another extension of the method was to register topographs in the direct beam, 'direct beam topography' (9). In the latter technique, a slit is used to stop the direct beam itself, leaving the beam diffracted in the incident direction.
Michael Hart (FRS 1982) , who graduated from Bristol University, was the first student to carry out his PhD research project under Andrew's supervision, from 1960 to 1963. He was first able to determine X-ray reflection phase relationships in the case of simultaneous reflections (7) . He then devoted his doctoral work to the study of the strain-field associated with individual dislocations and to the interpretation of the contrast of their images observed on X-ray topographs (Hart 1963 ). Andrew's next PhD student was Ken Martin, who submitted his thesis in 1965, on 'irradiation damage in lithium fluoride' (Martin 1965) .
Moreton Moore was another of Andrew's early PhD students, from 1967 to 1973 (Moore 1973) . He interpreted the internal distribution of defects in diamond crystals in relation to their growth conditions. He showed in particular that they had suffered periods of dissolution and determined the size of the impurity platelets using diffuse scattering (26, 27).
Andrew's topographic method was soon very famous and more than 40 visitors from all over the world came to Bristol to learn the trade, many making repeated visits. Frequent visitors included: M. Polcarová, from Prague in 1962 Prague in , 1965 Prague in , 1966 Prague in , 1968 Prague in , 1971 Prague in , 1991 Prague in and 1993 V. F. Miuscov, from Moscow in 1963 , 1964 , 1965 , 1966 , 1967 and 1969 I. Kiflawi, from Israel in 1974 , 1976 and 1977 S. Suzuki, from Japan in 1975 , 1976 , 1977 and 1981 N. Sumida, also from Japan in 1981 , 1982 , 1983 , 1987 and 1988 and G. Kowalski, from Warsaw in 1985 , 1986 , 1987 , 1989 and 1991 . It is noteworthy that during his stay in Bristol in 1961, Satio Takagi developed his dynamical theory of diffraction by deformed crystals (Takagi 1962 (Takagi , 1969 . At the same time his wife, Mieko, studied with Andrew diffuse X-ray scattering (spike reflections) by impurities segregated as platelets in type I diamonds, which she also characterized with ultraviolet absorption (11).
I was one of the Andrew's first visitors, in 1961. I had observed the paths of dislocation lines in thick silicon crystals and I wanted to learn the art of projection topography. I spent the last trimester of 1961 with Andrew, who proposed two very original topics. The first one was that of helicoidal dislocations and rows of coaxial loops in aluminium, the study of which had been begun by Cliff B. Rogers (12); and the other concerned Frank-Read dislocation sources in a silicon crystal. Both proved to be most interesting. The images of Frank-Read sources were the first to be obtained by X-ray diffraction (10). Frank-Read sources are a mechanism which had been proposed to explain how dislocations are generated during plastic deformation. They had first been observed by Dash following copper decoration of the dislocation lines, and topography proved that the copper decoration had not altered the paths of the dislocations. The visitors listed above were involved in innovative researches with Andrew's support. As examples:
• Milena Polcarová, a student of C. Sc. J. Kaczèr, in Prague, was one of Andrew's early visitors. During her visits, she studied the configurations and movements of magnetic domains in Fe-Si single crystals (8, 16, 18, 23, 25, 39, 40) . • With G. D. Miles, from Harwell, Andrew observed decorated dislocations in magnesium oxide crystals (14). • With H. H. Schlössin, from Johannesburg, he discussed repeated twinning in amethyst (17). • With V. F. Miuscov from Moscow, he observed moiré patterns from the superposition of two regions of a quartz crystal separated by a crack (15, 20) .
• With J. Brádler from Prague, he was able to observe similar moiré patterns from the superposition of two separate perfect silicon crystals (21). • With S. Tanemura from Japan, he developed the theory of moiré patterns (28).
• With S. Mardix and I. A. Blech from Haifa, he observed giant screw dislocations in zinc sulphide (24). • With M. Moore, he discussed theoretically the diffuse reflections, called 'spike'
reflections, due to platelet-like defects in crystals (29) .
New possibilities were introduced into the field of topography with the development of powerful synchrotron radiation sources. This new field of research was pioneered by Hart (Beaumont & Hart 1974; Hart 1975 ) and Tanner (Tanner et al. 1976; Buckley-Golder et al. 1977) using the synchrotron radiation beamline at the electron synchrotron NINA. A topography station was then set up in 1980 at the synchrotron radiation source (SRS) in Daresbury by Keith Bowen (FRS 1988) from Warwick, with an advisory group whose members included Andrew and M. Moore from Bristol, B. K. Tanner from Durham, and K. J. Roberts and J. Sherwood from Strathclyde. Andrew began doing experiments there in 1980 (30). One of his first studies was on the variation with wavelength of the X-ray diffraction contrast of defect images (32) . Diamond was, as before, one of his main topics of interest (see below). His other topics of interest included experimental tests of the dynamical theory of the diffraction of X-rays by perfect crystals and the study of crystal defects. More specifically:
• concerning the dynamical theory of diffraction, he studied the contrast of stacking faults ( Another topic of interest was crystal perfection, such as, for instance:
• With S. Mardix and I. A. Blech, he studied giant screw dislocations in ZnS polytype crystals (24). • With N. Herres, the study of natural beryl (31).
• With P. Krishna and S.-S. Jiang, giant screw dislocations in silicon carbide (33) .
• With S. Mardix, G. Kowalski and A. P. W. Makepeace, ZnS whiskers (38) .
• With A. P. W. Makepeace and M. Moore, he discussed the growth history of a doublyterminated natural alpha-quartz crystal (41).
• He devised a special mounting with two coaxial goniometer heads in order to study local variations of the lattice parameter, the 'lattice parameter comparator' (43). • With G. G. Pang, he showed that the study of the intersections of Kossel lines could provide information on the value of the lattice parameter (44).
Never short of ideas, he introduced in the same year (1996) a new technique for mapping local misorientations: reticulography (45). In this technique a fine mesh (reticule) is placed in the diffracted beam. The individual filamentary beams diffracted by neighbouring regions having slightly different lattice parameters can be tracked, thus enabling the visualization of local distortions of the lattice. With A. P. W. Makepeace and several American groups, he applied this technique to the study of homoepitaxial CVD diamond (46) . Two of his last papers concerned the analysis of the deformations in the neighbourhood of a coherent growth sector boundary in synthetic diamond (48, 49) . As mentioned above, Andrew's own main interest was diamond, which had been introduced by Frank. He employed a variety of topographic techniques-section, projection and limited projection topographs, double-crystal topographs, reticulography, both with laboratory X-ray sources and with synchrotron radiation at Daresbury-in conjunction with a variety of other techniques: diffuse scattering, electron diffraction and micrography, optical imaging, birefringence topography, cathodoluminescence imaging, and ultraviolet and infrared absorption topography. He investigated both natural and synthetic diamonds and was mainly interested by the growth defects such as dislocations, grain boundaries, growth sector boundaries and nitrogen impurities and what could be deduced from his observations about the growth history of the crystals (a full list of publications is provided as a supplement).
Concluding remarks
Andrew never married and was entirely dedicated to his research work. An excellent experimenter, he was always full of ideas for designing and building new equipment, at first in the laboratory and later at the synchrotron radiation sources. The 'Lang camera' was reproduced in many countries and his topographic techniques inspired many researchers all over the world.
It is noteworthy that his writing style was excellent and creative and that his papers were a model of clarity and elegance. He was also an amateur geologist and enjoyed walking and cycling, as well as listening to music. He will be remembered as a very congenial person, who always had visitors in his laboratory. He retired in 1987, but continued to work ( figure 4) [1976] [1977] [1978] Member, SERC Synchrotron Radiation Facility Committee
